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M. Besançon,15 R. Beuselinck,40 V.A. Bezzubov,35 P.C. Bhat,45 S. Bhatia,60 V. Bhatnagar,24 G. Blazey,47

S. Blessing,44 K. Bloom,61 A. Boehnlein,45 D. Boline,67 E.E. Boos,34 G. Borissov,39 T. Bose,56 A. Brandt,73

O. Brandt,20 R. Brock,59 G. Brooijmans,65 A. Bross,45 D. Brown,14 J. Brown,14 X.B. Bu,45 M. Buehler,45

V. Buescher,21 V. Bunichev,34 S. Burdinb,39 C.P. Buszello,38 E. Camacho-Pérez,29 B.C.K. Casey,45
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E. Chapon,15 G. Chen,53 S. Chevalier-Théry,15 D.K. Cho,72 S.W. Cho,28 S. Choi,28 B. Choudhary,25 S. Cihangir,45

D. Claes,61 J. Clutter,53 M. Cooke,45 W.E. Cooper,45 M. Corcoran,75 F. Couderc,15 M.-C. Cousinou,12 A. Croc,15

D. Cutts,72 A. Das,42 G. Davies,40 S.J. de Jong,30, 31 E. De La Cruz-Burelo,29 F. Déliot,15 R. Demina,66
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We present a search for the standard model Higgs boson in final states with an electron or muon
and a hadronically decaying tau lepton in association with zero, one, or two or more jets using data
corresponding to an integrated luminosity of up to 7.3 fb−1 collected with the D0 detector at the
Fermilab Tevatron collider. The analysis is sensitive to Higgs boson production via gluon gluon
fusion, associated vector boson production, and vector boson fusion, and to Higgs boson decays to
tau lepton pairs or W boson pairs. Observed (expected) limits are set on the ratio of 95% C.L.
upper limits on the cross section times branching ratio, relative to those predicted by the Standard
Model, of 14 (22) at a Higgs boson mass of 115 GeV and 7.7 (6.8) at 165 GeV.

PACS numbers: 13.85.Rm, 14.80Bn

I. INTRODUCTION

The standard model (SM) of particle physics postu-
lates a complex Higgs doublet field as the source of
electroweak symmetry breaking, giving rise to non-zero
masses of the vector bosons and fundamental fermions.
The mass of the SM spin-zero Higgs boson, H, that sur-
vives after the symmetry breaking is not predicted, but
is constrained by direct searches at the LEP [1], Teva-
tron [2] and LHC [3] colliders, to be in the range 115
– 127 GeV at the 95% C.L. Precision measurements of
W and Z boson and top quark properties [4] indicate a
SM Higgs boson mass, mH = 96+31

−24 [5]. Over the Higgs
boson mass range 115 ≤ mH ≤ 150 the branching frac-
tions vary considerably, with H → bb (H → τ+τ−) being
the dominant (subdominant) decays for mH ≤ 135 GeV
and H → W+W− (H → ZZ) becoming important for
mH > 135 GeV. Previous analyses by the D0 and CDF

∗with visitors from aAugustana College, Sioux Falls, SD, USA,
bThe University of Liverpool, Liverpool, UK, cUPIITA-IPN, Mex-
ico City, Mexico, dDESY, Hamburg, Germany, ,eSLAC, Menlo
Park, CA, USA, fUniversity College London, London, UK, gCentro
de Investigacion en Computacion - IPN, Mexico City, Mexico,
hECFM, Universidad Autonoma de Sinaloa, Culiacán, Mexico and
iUniversidade Estadual Paulista, São Paulo, Brazil. ‡Deceased.

Collaborations have mainly focused on the decay modes
H → bb in the low mass region and H → WW with both
W bosons decaying to an electron or muon in the high
mass region.

A previous D0 publication [6] reported a Higgs boson
search in the tau lepton pair plus two jets final state, with
one tau decaying to a muon and the other to hadrons, us-
ing 1.0 fb−1 of data. In this Letter, we report the results
of three searches involving tau pair production that ex-
tend the previous results by adding more data, increas-
ing the trigger efficiency, adding new search channels,
and considering additional signal contributions. The fi-
nal states used are: (i) µτ plus zero or one jet (denoted
µτ0), (ii) µτ plus two or more jets (µτ2), and (iii) eτ plus
two or more jets (eτ2). The µτ0, µτ2, and eτ2 analyses
use data collected with the D0 detector [7] correspond-
ing to integrated luminosities of 7.3, 6.2 and 4.3 fb−1

respectively.
The Higgs boson production processes considered are

(i) gluon gluon fusion (GGF), gg → H (+ jets); (ii) vec-
tor boson fusion (VBF), qq → qqH; (iii) associated vec-
tor boson and Higgs boson production (VH), qq → V H,
where V is a W or Z boson, and V → qq (or Z → νν
in the case of µτ0); and (iv) associated Higgs boson and
Z boson production (HZ), qq → HZ, with H → bb and
Z → ττ . The GGF, VBF, and VH processes are further
subdivided according to the Higgs boson decay, H → ττ ,
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H → WW , or (for the µτ0 analysis) H → ZZ, and
these subchannels are denoted as GGFττ , GGFWW or
GGFZZ , etc. The fractional decompositions of signal
contributions expected from Monte Carlo (MC) simula-
tions are shown in Fig. 1 for the Higgs boson production
cross section and branching ratios, and the event selec-
tion requirements, discussed below.
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FIG. 1: (color online) Fractional yields for H signals from
MC simulations as a function of MH for (a) the µτ0 and (b)
`τ2 analyses. The yields for each signal process are plotted
as solid lines for H → ττ decays and as dashed lines for the
H → V V decays.

Tau leptons can occur either through direct decays
of the Higgs boson (at low mass) or indirectly from
H → V V with V decays to τs (at high mass). The
leptons may arise from τ decay or (at high mass) di-
rectly from V decay. Thus the `τ channel is more uni-
formly sensitive to Higgs boson production over the full
allowed mass range than are the dedicated H → bb or
H → WW → ``νν analyses, thus improving the sensi-
tivity of a combination of searches, particularly in the
intermediate mass region around 135 GeV. In the fol-
lowing, “τ” represents a hadronically decaying tau and
“lepton (`)” denotes e or µ.

II. TRIGGER

The µτ0 and µτ2 data were collected using the full
inclusive suite of triggers employed in D0. The trigger

efficiency for a subset of single muon triggers is measured
to be about 65% using a sample of Z → µµ events and
is parameterized as a function of muon transverse mo-
mentum (pT ), pseudorapidity (η), azimuthal angle (φ),
and instantaneous luminosity. Parametrizations of the
efficiency functions are computed incorporating the ob-
served luminosity distribution in the data and are applied
to the MC simulations of the background and signal pro-
cesses. The ratio of events from the inclusive trigger to
those from the single muon triggers then establishes a
multiplicative factor used to obtain the overall trigger ef-
ficiency. We examine the dependences of this ratio upon
the pT and η of the µ, τ and leading (highest pT ) jet. For
the µτ0 analysis, the ratio is parameterized as a function
of pτ

T . For the lower statistics µτ2 analysis, no significant
dependences are observed, and a constant scale factor is
used. The use of the inclusive trigger gives an increase
in the data sample of about 40% compared to that from
the single muon triggers alone.

For the eτ2 analysis, a set of triggers requiring a single
electromagnetic object was used. The efficiency of these
triggers is obtained from an analysis of Z → ee events
selected with just one identified electron and found to be
about 85% efficient for the signal processes.

III. BACKGROUND AND SIGNAL SAMPLES

The major backgrounds for the Higgs boson search are
Z + jets, W + jets, tt, and multijet production (MJ) with
misidentification of leptons or taus. Smaller backgrounds
arise from boson (W,Z or γ) pair production and sin-
gle top quark production. All but the MJ background
are simulated using MC event generator programs and
normalized to the highest available next-to-leading order
(NLO) or next-to-NLO (NNLO) theoretical calculations.
The MC simulations use the CTEQ6L1 parton distribu-
tion functions (PDF) [8].

The Z + jets and W + jets event samples are generated
by ALPGEN [9], interfaced to PYTHIA [10] which provides
initial and final state radiation and hadronization of the
produced partons. The pZ

T distribution is reweighted to
agree with the D0 measurement [11]. The pW

T is also
reweighted for the `τ2 analyses using the reweighting fac-
tors derived for the pZ

T distribution, multiplied by the
ratio of the pW

T to the pZ
T distributions as predicted in

NNLO QCD [12]. For the `τ2 analyses, the absolute nor-
malization for the Z + jets and W + jets cross sections
are taken from Ref. [13] using the MRST2004 NNLO
PDFs [14]. The same Z + jets normalization is used for
the µτ0 analysis but the W + jets normalization is de-
rived from data as discussed below.

We simulate tt and single top quark events using the
ALPGEN and COMPHEP [15] generators respectively, with
PYTHIA used to simulate hadronization effects. The nor-
malizations are based on the approximate NNLO calcula-
tions [16]. The diboson events are generated by PYTHIA.

Higgs boson production is simulated using PYTHIA,
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with normalizations taken from Ref. [17]. We use HDE-

CAY [18] and TAUOLA [19] to obtain the branching frac-
tions of the Higgs boson and tau lepton respectively.

All MC signal and background events are input to a
GEANT3-based [20] simulation of the detector response
and processed with the same reconstruction programs as
used for data. Data events collected from random beam
crossings are superimposed on the MC events to account
for detector noise and pileup from additional pp collisions
in the same or previous bunch crossings. Correction fac-
tors are applied to the simulated events to account for
the trigger efficiencies and for the differences between
MC and data for the lepton, tau, and jet identifications,
and for the energy scale and resolution of jets.

IV. EVENT SELECTION CRITERIA

Muons selected for this analysis are required to have
hits in the muon chambers before and after the toroidal
magnets and to be matched to a track in the tracking
system with pT > 15 GeV and |η| < 1.6. Muon candi-
dates are required to be isolated in both the calorimeter
and the tracking system using the calorimeter transverse
energy, Eiso

T , in the annular cone 0.1 < R < 0.4 around
the muon, where R =

√
(∆η)2 + (∆φ)2, and the track

transverse momentum sum, piso
T = Σptrack

T , within a cone
R < 0.5, excluding the pT of candidate muon. For the
µτ0 analysis, Eiso

T and piso
T must be less than 15% of pµ

T .
For the µτ2 analysis, Eiso

T and piso
T must be less than 2.5

GeV. Muon candidates due to cosmic rays are rejected if
the scintillation counters surrounding the detector indi-
cate a time of arrival more than 10 ns from that expected
for collision products.

Electrons are identified using a likelihood variable, Le,
that uses as inputs the quality of the matching of the elec-
tromagnetic (EM) shower centroid to a track, the fraction
of energy deposited in the EM section of the calorime-
ter (EMF), a measure of the probability that the energy
deposit pattern in the calorimeter conforms to that ex-
pected for an electron, Eiso

T , and the separation along the
beam axis of the electron track and the primary vertex
(PV) [21]. The signal sample electrons are required to
have Le > 0.85. Electron candidate tracks are required
to have pT > 15 GeV and |η| < 1.1 or 1.5 < |η| < 2.5, and
to impinge upon a module of the central EM calorimeter
within the central 80% of its azimuthal range.

The selection of hadronically decaying tau leptons is
done separately for three types based on the number
of tracks within a cone R < 0.3 and the number of
EM subclusters found in the calorimeter using a near-
est neighbor algorithm. Type-1, patterned on the de-
cay τ → πντ , requires one track and no EM subclusters.
Type-2, based on τ → ρ(π±π0)ντ , requires one track and
at least one EM subcluster. Type-3, motivated by the
τ → π±π±π∓(π0)ντ decay, requires at least two tracks
with or without EM subclusters. We reject type-3 candi-
dates with exactly two tracks of opposite signs since their

charge sign is ambiguous. The visible τ transverse energy,
Eτ

T , is constructed from the tracking and calorimeter in-
formation. The track transverse momentum, ptrk

T , is the
sum of the pT of all tracks in the τ selection cone. We
require Eτ

T > (12.5, 12.5, 15) GeV, ptrk
T > (7, 5, 10) GeV,

and (ptrk
T /Eτ

T ) > (0.65, 0.5, 0.5) for τ types (1, 2, 3). The
leading (highest pT ) track for type-3 τs must exceed 7
GeV. A neural network, NNτ [22], based on energy de-
position patterns and isolation criteria in the calorimeter
and tracking systems is constructed for each tau type to
discriminate a tau from a misidentified jet. For type-2 τ
leptons we discriminate taus from electrons using a sec-
ond neural network, NNτ/e, constructed using variables
that characterize the longitudinal and transverse energy
profiles in the calorimeter, the energy and position corre-
lations between τ tracks and calorimeter energy deposits,
and isolation of the calorimeter energy.

Jets are selected using an iterative midpoint cone al-
gorithm [23] with a cone size R = 0.5. We require at
least two tracks associated with the jet that point to the
PV. Jet energies are corrected to the particle level for
out-of-cone showering, underlying event energy deposits
and pileup, and the estimated missing energy in jets with
identified semileptonic decays of a hadron. Jets are cor-
rected for energy scale and resolution; the MC jets are
corrected for energy scale and resolution, as well as for
the jet identification efficiency to bring the MC responses
into agreement with data. For the quark-dominated MC
samples (tt and diboson), there is an additional correc-
tion of the jet energy that accounts for the differences in
the responses of quark jets and the dominantly gluon jets
for which the jet energy scale correction was obtained.
The µτ2 and eτ2 analyses require at least two jets with
|ηjet| < 3.4 and pjet

T > 20 (15) GeV for the leading (other)
jet. The µτ0 analysis imposes these jet pT requirements
as a veto to ensure that the selected samples have no
events in common.

The missing transverse energy, /ET , is computed from
the observed transverse energy deposits in the calorime-
ter and is adjusted for the appropriate energy scale cor-
rections for all objects and for isolated muons observed
in the event. For the `τ2 analyses, the /ET is apportioned
to the neutrinos from the two postulated tau leptons by
decomposing the /ET vector into components associated
with the observed lepton and hadronic tau [24].

For the final event selection, all three analyses re-
quire exactly one isolated lepton and a hadronic tau
with opposite charges. The separations between all pairs
of lepton, tau, and jet are required to be R > 0.5.
For the µτ0 analysis, events are required to have only
one τ , and the smaller of the transverse masses, mT =√

2Elepton
T /ET (1− cos∆φ) (where “lepton” = τ or µ and

∆φ is the angle between the lepton and /ET ) must exceed
25 GeV to suppress the Z+ jets and MJ backgrounds,
while retaining about 80% of the signal. For the eτ2 anal-
ysis, substantial backgrounds arise from Z + jets produc-
tion with Z → ee where an electron is misidentified as
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a type-2 τ . To reduce these, we remove τ candidates
in the region 1.1 < |η| < 1.5 where the calorimetry
has impaired electron identification. Further Z+ jets
rejection is obtained by requiring type-2 τ candidates
to have NNτ/e > 0.95 to suppress electrons that resem-
ble the track + EM cluster signature. This cut retains
more than 80% of type-2 τs while rejecting about 90% of
the electrons [25]. We reject type-2 τ candidates which
point near the edge in φ of an EM module in the central
calorimeter where the electron efficiency is low. In addi-
tion, type-3 τ candidates with EMF > 0.95 are excluded.
The MJ background in the eτ2 analysis is suppressed by
requiring S > 1, where S is a measure of the significance
for /ET to differ from zero [26].

V. BACKGROUNDS DERIVED FROM DATA

The MJ background arising from misidentification of
leptons or taus by the detector reconstruction algorithms
is difficult to simulate, so for each analysis, the MJ back-
ground is taken from data. The general method for all
analyses is similar: we define a sample of MJ-enriched
events, M, from which residual backgrounds simulated
by MC are subtracted, to provide the shapes of the MJ
kinematic distributions. The number of MJ events in the
signal sample is obtained by multiplying the MJ yield in
a signal-like sample N by a scale factor ρi, obtained from
the M sample for each of the tau types, i. The ρi factors
provide the estimate for the differences in the MJ back-
ground normalization between the N and signal samples,
based on the M sample, and are in all cases within 10%
of unity.

For the µτ0 channel, the sample M is obtained by re-
quiring mT (µ, /ET ) < 30 GeV and NNτ < 0.2, and the ρi

are the ratios of isolated to non-isolated lepton events in
M, and are parameterized as a function of pτ

T , Njets, /ET ,
and pµ

T . These factors scale the MJ fraction of the sam-
ple N , selected as for the signal sample except that the
muon is required to be non-isolated, to obtain the MJ
normalization in the isolated lepton signal sample. An
alternate MJ-enriched sample is defined by NNτ < 0.2
and mT (µ, /ET ) < 30 GeV, in which the τ and µ have
the same charge sign, for estimating the MJ background
uncertainty.

For the µτ2 analysis, the MJ sample M is obtained by
reversing at least one of the muon isolation requirements
and requiring 0.3 < NNτ < 0.8. The MJ fraction of this
sample is 94% before the MC-simulated background sub-
traction. The ρi factors are the ratio of opposite charge
sign (OS) and same charge sign (SS) µ − τ pairs in M
and are used to scale the MJ component of the sample N
selected as for the signal sample except that we require
SS µ and τ . The ρi show no significant dependence on
the kinematic variables.

For the eτ2 analysis, M is obtained by requiring the
electron to satisfy an orthogonal loose electron selection,
0 < Le < 0.85, and 0.3 < NNτ < 0.9. The MJ fraction of

this sample is 96% before the MC-simulated background
subtraction. The ρi are obtained from the OS and SS
M sample and are applied to the MJ component of the
N sample as in the µτ2 analysis. The ρi show no sig-
nificant dependence on kinematic variables. Alternate
MJ-enriched samples, in which either the τ or lepton se-
lections (but not both) are reversed, are defined for es-
timating the MJ background uncertainties in both `τ2+
analyses.

For the µτ0 analysis, the dominant background is from
W + jets with the muon from W decay and a jet misiden-
tified as a tau. Both the normalization of the W + jets
sample and the misidentification probability are difficult
to model adequately, so the simulation is corrected using
a data-driven method [27]. The jet produced in asso-
ciation with a W boson has a charge that is correlated
differently with the W boson charge for quarks and glu-
ons. Furthermore, the probability for a jet misidentified
as a tau to have the same charge sign as its progeni-
tor parton varies with NNτ . We determine a weight for
W + jets MC events that depends on the charge corre-
lation between the muon and recoil parton and on the
value of NNτ .

VI. EVENT YIELDS

The numbers of data and expected background events
are given in Table I for the µτ0, µτ2, and eτ2 analyses.

TABLE I: For each analysis channel, the number of back-
ground events expected from MC simulated processes, MJ
background, and observed data, for individual and sum of all
tau types after preselection. “V +j” denotes W or Z + jets
and “DB” denotes diboson processes.

τ type tt W+j Z``+j Zττ+j DB MJ ΣBkd Data
µτ0 analysis

type 1 4 234 22 11 29 39 338 340
type 2 19 852 94 56 108 116 1245 1294
type 3 4 678 57 19 25 67 850 839

All 27 1764 172 86 162 223 2433 2473
µτ2 analysis

type 1 13 9 5 29 2 19 76 81
type 2 86 57 22 159 12 59 394 418
type 3 13 34 4 43 3 22 119 109

All 112 100 31 231 16 99 589 608
eτ2 analysis

type 1 2 2 0 6 1 6 18 10
type 2 14 21 14 30 2 25 106 98
type 3 7 16 2 11 1 15 52 59

All 24 40 16 46 4 47 176 167

VII. MULTIVARIATE ANALYSIS

The expected number of events for Higgs boson sig-
nal processes is small in comparison to the backgrounds
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shown in Table I. For example, the expected signal yields
at mH = 165 GeV are 5.2, 1.7 and 0.3 events for the µτ0,
µτ2 and eτ2 analyses respectively. The corresponding
yields at mH = 115 GeV are 0.9, 1.6 and 0.4 events. We
thus employ multivariate techniques that utilize both the
magnitudes of the variables and the correlations among
them to separate the signal from the backgrounds. We
choose well-modeled variables that have the capability
to distinguish between at least one signal and one back-
ground as shown in Table II. Figure 2 shows distributions
for representative variables that offer significant discrimi-
nation of signal and background for each of the channels.

TABLE II: List of variables used in the multivariate discrim-
inants for the µτ0 and `τ2 analyses. The variable /HT is the
missing transverse energy computed from the jets in the event.

Variable µτ0 `τ2+
Lepton pT x x
Tau pT x x
Leading jet pT x x
/ET x x
µ charge ×ηµ x
ητ x
`τ invariant mass x x
Dijet invariant mass x
µ τ /ET invariant mass x
`ν transverse mass, m`

T x
τν transverse mass, mτ

T x
Minimum of m`

T and mτ
T x

Σ|~pT | of all jets x
Scalar pT sum of `, τ, /ET , jets x
Magnitude of vector pT sum of `, τ, /ET , jets x
Minimum

√
s necessary for final objects x

Number of jets x
∆R between leading jets x
∆η between leading jets x
Asymmetry between /ET and /HT x
∆φ between ` and τ x
∆θ between ` and τ x
∆φ between ` and /ET x
∆φ between τ and /ET x
∆φ between /ET from calorimeter and tracks x
Cosine of angle between ` and beam direction x
Minimum δφ between /ET and a jet x
Missing ET significance, S x
NNτ x

The µτ0 analysis uses neural networks [28] (NNH)
trained to discriminate between all backgrounds and all
signals for 115 ≤ mH ≤ 200 GeV in 5 GeV increments.
Type-2 τ samples are trained separately, while the τ
types 1 and 3 are combined for training to increase statis-
tics. The NNH distributions are binned in 21 equal sized
bins for 0 < NNH < 1.05. The µτ2 and eτ2 analy-
ses use boosted decision trees (BDT) [28] trained for all
signals against the sum of all backgrounds, with all τ
types combined for Higgs boson masses 105 ≤ mH ≤ 200
GeV in 5 GeV steps. The BDT output is binned in 15
bins spanning −1 < BDT < 1 with a non-uniform bin-
ning to assure sufficiently small statistical uncertainty in

the predicted backgrounds within any bin. We smooth
the effects of signal MC statistics by averaging BDT dis-
tribution for mH with the neighboring distributions at
(mH − 5) GeV and (mH + 5) GeV with weights of 50%,
25%, and 25%. Figure 3 shows the NNH distribution for
the µτ0 analysis at mH = 165 GeV and the averaged
BDT distributions for the `τ2 analyses at mH = 150
GeV.

VIII. SYSTEMATIC UNCERTAINTIES

A large number of systematic uncertainties have been
considered, typically broken down separately for each
analysis channel, tau type, background or signal process,
or Higgs boson mass. The luminosity and trigger uncer-
tainties are obtained from separate analyses of D0 data.
The lepton, tau, and jet energy scale, resolution, and
identification uncertainties are obtained from special con-
trol samples. Uncertainties in the MC-simulated back-
ground cross section normalizations and shapes are ob-
tained using theoretical uncertainties, and the extent to
which special data samples enriched in each background
process agree with MC predictions. The MJ background
uncertainties are determined by comparing the alternate
MJ-enriched samples with the results obtained with the
nominal choice. Signal cross section uncertainties are ob-
tained from theoretical estimates and include the effect
of PDF uncertainties. For each source, the impact on the
final variable (NNH or BDT) distribution is assessed by
changing the nominal values of a parameter by ±1 s.d.
Some of the uncertainties affect only the normalization
of the final variable distribution and some also modify its
shape.

Table III summarizes the systematic uncertainties.
Many entries comprise several subcategories. For exam-
ple, the jet reconstruction uncertainty includes the effects
of jet identification, confirmation that the tracks within
the jet arise from the PV, jet resolution and jet energy
scale. Moreover, these elements of the jet reconstruction
uncertainty are computed separately for different back-
ground processes and hypothesized Higgs mass values in
each analysis channel.

IX. CROSS SECTION LIMITS

We observe no excess of events over that expected from
backgrounds in Fig. 3. We therefore obtain upper limits
on the Higgs boson cross section for each analysis from
the final multivariate outputs using the modified frequen-
tist method [29], using a negative log likelihood ratio
(LLR) for the background only and signal+background
hypotheses as the test statistic. For the µτ0 analysis,
each tau type is input separately to the limit setting cal-
culation for Higgs boson masses from 115 to 200 GeV in 5
GeV steps. The `τ2 calculation uses the BDTs summed
over tau type for mH values from 105 to 200 GeV in 5
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FIG. 2: (color online) Comparison of data, expected backgrounds, and total signal with the indicated scaling factors for (a)
invariant mass of the µ, τ, /ET system for the µτ0 analysis (signal shown for mH = 165 GeV); (b) dijet invariant mass for the
µτ2 analysis (signal shown for mH = 150 GeV); and (c) invariant mass of the ττ system for the eτ2 analysis (signal shown for
mH = 150 GeV), where the /ET contribution is apportioned to the e and τ as discussed in the text. The “MET” in the labels
refers to /ET . The tt, single top and diboson backgrounds are shown together as “other”.
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FIG. 3: (color online) (a) NNH distribution for the µτ0 analysis at mH = 165 GeV; (b) BDT distribution for the µτ2 analysis at
mH = 150 GeV; and (c) BDT distribution for the eτ2 analysis at mH = 150 GeV. The tt, single top and diboson backgrounds
are shown together as “other”.

GeV steps, averaged over neighboring mass bins as de-
scribed above.

The impact of systematic uncertainties on the limits
is minimized by maximizing a likelihood function [30]
in which these uncertainties are constrained to Gaus-
sian priors. The value of the Higgs boson cross section
is adjusted in each limit calculation until the value of
CLs reaches 0.05, corresponding to the 95% C.L., where
CLs = CLs+b/CLb and CLs+b (CLb) are the probabil-
ities for the negative LLR value observed in simulated
signal+background (background) pseudo-experiments to
be less than that observed in our data. The limits ob-
tained are summarized in Table IV.

We combine the information from the three channels
by recomputing the LLR and limits for the three analyses
together, now also including the limits from the previous
independent µτ2 analysis using 1 fb−1 [6]. In this calcu-
lation, the systematic uncertainties across the different
analyses are appropriately correlated (e.g. the Z + jets
normalization for all channels is the same). The fully
combined LLR distributions and the 95% C.L. limits as

a function of mH are shown in Figs. 4 and 5. The com-
bined limits are also shown in Table IV.

In summary we have searched for the SM Higgs bo-
son in final states involving an electron or muon and a
hadronically decaying tau. We set 95% C.L. limits on
the Higgs boson production cross section which are 21.8
and 6.8 times those expected in the SM for Higgs boson
masses of 115 and 165 GeV.
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TABLE III: The range of systematic uncertainties (in percent)
for categories of their source. Each category generally summa-
rizes several individual sources separated by analysis channel,
tau type, and/or physical process. Those with “Type” indi-
cated as “N” affect only the normalization of the final variable
distribution. Those indicated as “S” also affect the shape of
the final variable distribution.

Source Type Uncertainty
Luminosity N 6.1
Muon trigger N 5− 9
Electron trigger N 2
Muon reconstruction N 2− 3
Electron reconstruction N 4
Tau reconstruction N 4− 14
Jet reconstruction S 2− 10
Jet modeling S 0− 7
MC simulated backgrounds N 5− 12
MJ background S 10− 50
Signal cross sections N 5− 40

TABLE IV: The ratio of expected and observed 95% C.L. lim-
its on the Higgs boson cross section to the SM values for each
analysis channel and the combination of all channels including
that of [6].

mH µτ0 µτ2 eτ2 Combined
exp obs exp obs exp obs exp obs

105 – – 17.7 18.5 33.3 58.9 12.6 17.1
110 – – 19.3 20.8 34.3 55.7 12.9 17.7
115 84.2 106.4 20.3 26.3 37.5 55.1 14.3 21.8
120 42.9 31.1 19.2 23.3 40.5 59.4 13.7 15.6
125 34.2 37.5 17.3 19.5 42.3 64.9 12.8 15.7
130 25.2 32.4 15.9 20.6 44.2 72.5 11.5 17.9
135 20.3 20.3 17.5 15.2 47.2 82.5 11.3 11.8
140 16.7 20.0 18.7 13.2 44.7 68.1 11.1 10.1
145 13.8 13.3 18.3 12.9 43.5 54.2 11.3 9.8
150 11.9 12.8 17.9 13.6 45.4 54.1 10.8 9.5
155 9.8 12.9 18.2 13.2 42.3 57.5 9.2 9.0
160 8.2 7.6 19.1 11.1 33.9 74.9 8.4 7.6
165 8.1 7.8 21.7 11.2 32.8 69.8 7.7 6.8
170 8.5 9.4 21.3 12.7 35.2 64.5 8.5 7.4
175 9.5 8.6 22.7 11.4 40.7 73.7 9.6 8.0
180 12.2 13.5 22.1 14.6 45.5 84.6 11.4 11.0
185 13.5 12.1 25.7 19.8 53.7 90.8 12.2 9.7
190 16.5 17.2 29.5 19.1 58.8 101.8 14.6 12.3
195 18.5 18.7 30.1 20.9 67.3 110.4 16.1 15.3
200 19.2 31.5 28.9 26.9 69.3 114.4 19.8 29.9
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